Recent reports have claimed a superior performance of HEPES buffer in comparison to alternative buffer systems for 67/68 Ga labeling in aqueous media. In this paper we report spectroscopic ( 1 H and 71 Ga NMR), radiochemical, mass spectrometry and theoretical modeling studies on the Ga 
INTRODUCTION
In radiochemistry and radiopharmaceutical chemistry there are numerous examples where the radiolabeling yield and the radiochemical purity of the final solution strongly depend on the pH at which the radiolabeling occurs (1) . For this reason the presence of buffers can be very important in this procedure. While many different buffering systems are available, the possibility of forming chelates with buffer agents is an aspect to consider in systems involving trace metals. N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES) belongs to a series of buffer compounds introduced by Good and co-workers (2) for use in biological studies. HEPES was introduced as an amphoteric that would not form complexes with metal ions in aqueous solution. Although this HEPES property holds quite well for many ions, as confirmed indirectly by numerous studies (2) (3) (4) (5) , there is a growing evidence of exceptions to this behavior for 2+ metal ions based on kinetics studies (3) (4) (5) .
The radionuclide 68 Ga (b + , t 1/2 = 67.7 min) is an important isotope for positron emission tomography (PET), 67 Ga (ec, t 1/2 = 3.35 days) is useful in scintigraphy (6) (7) (8) (9) (10) (11) (12) . While 67 Ga has been very popular in the past, nowadays, generator-derived 68 Ga is increasingly used in molecular imaging studies with PET (1, 6, 7) . Besides being generator produced (avoiding the need for an on-site cyclotron), 68 Ga has other important advantages, such as a high positron abundance (89%) and its physical half-life, compatible with the pharmacokinetics of most radiopharmaceuticals including small molecules, peptides, aptamers, oligonucleotides and antibody fragments (1, 13) . The excellent potential of 68 Ga-based radiopharmaceuticals in PET diagnosis has been recognized, particularly in oncology (6, 7) . Although there are several types of these generators, recently TiO 2 -based generators have been used in a considerable number of centers worldwide (6, 7) . This generator provides 68 Ga 3+ in 0.1 M HCl. Among the chelators suitable to complex the Ga 3+ for in vivo use, macrocyclic chelators are very attractive because they display high conformational and size selectivity towards metal ions conferring very high thermodynamic and kinetic stability to their Ga 3+ chelates (8) (9) (10) (11) (12) . On the other hand, the formation kinetics of M 3+ -macrocyclic complexes is very slow and pH-dependent. Under stoichiometric conditions, quantitative conversion of the chelator requires the step-wise addition of base in order to compensate for the release of protons (3 equiv. per mol of Ga III ). In contrast, the base can be omitted under no-carrier-added conditions without affecting conversion, owing to the large excess of chelator (1-20 nmol) compared with the radiometal (6 pmol/100 MBq). Under these conditions, however, trace metal contaminants from commercially available reagents easily outweigh the Ga 3+ , thus imposing considerable competition for the available chelators. In addition, the low concentrations of radiometal solutions (less than 10 -6 M) has to be considered. For all those reasons, the radiolabeling efficiency of a macrocyclic chelator is largely dependent upon radiolabeling conditions like concentration of the chelator, the presence and concentration of trace metal contaminants, pH, temperature and reaction time.
Complex formation with the pH sensitive Ga 3+ cation requires mildly acidic conditions to achieve a high radiolabeling yield in a short reaction time (1) . This is because the nature of the Ga 3+ species that are present in aqueous solution, as well as its usefulness in radiochemistry, is determined by the Ga 3+ hydrolysis processes that strongly depend on the pH (14, 15) . In aqueous solution, the free hydrated Ga 3+ ion is stable only under acidic conditions. In the pH range of 3-7 it is prone to hydrolyze, forming gallium trihydroxide, which is insoluble if its free concentration exceeds nanomolar levels. Nevertheless, this can be avoided in the presence of stabilizing agents like HEPES, or other buffers, by maintaining the labeling media within the appropriate range of pH 2.8-3.8. We surmised that some buffers might possibly act as weak chelators that prevent the formation of colloidal gallium before the radiosynthesis of the radiopharmaceutical. HEPES was used as a buffer in a number of studies because it was believed to impose a low risk of complex formation with the radiometal (16) (17) (18) .
The effect of radiolabeling conditions on radiochemical yields has been the subject of several studies (19) (20) (21) (22) (23) (24) (25) . Some publications pointed out better performance of 67/68 Ga 3+ labeling in HEPES when compared with labeling in alternative buffers (19) (20) (21) (22) (23) (24) , while one study claimed the equivalence of HEPES, acetate and succinate buffers (25) . Velikyan et al. followed the time course of the 68 Ga 3+ complexation reaction with NOTA (NOTAH 3 = 1,4,7-triazacyclononane-1,4,7-triacetic acid) at room temperature for various buffers and found out that high radiochemical yield (>95%) for 68 Ga-NOTA was achieved within less than 10 min at room temperature and pH 3.5 using HEPES buffer. In contrast, <80% were found after 10 min using acetate buffer at pH 5.5 (23) . In addition, the influence of the buffer seems more pronounced when the concentration of the ligand decreases. A preliminary explanation was that commercial HEPES buffer contains fewer metal impurities than other media currently used and that these impurities strongly influence the radiolabeling. As the coordination chemistry of Ga 3+ is very similar to that of the Fe 3+ ion, any Fe 3+ that is present in the labeling solution, even in very low concentrations, can compromise the radiolabeling yield of the desired product. Another proposed explanation concerned the ability of buffers like acetate to compete with the desired ligands for the metal complexation, especially when buffers are used at high concentrations (24) . For example, sodium is weakly complexed by NOTA and acetate forms very weak complexes with Ga 3+ (26), which does not seem to explain the experimental evidence. However, considering that 100 MBq of 68 Ga represent only 6
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11 Ga 3+ ions whereas 1 M sodium acetate buffer corresponds to 6.10 20 sodium acetate molecules per millilitre well illustrates the disadvantageous stoichiometry. Under these conditions, the large excess of buffer will doubtlessly influence the complex formation equilibrium, thus competing with 68 Ga for the available NOTA chelator. Hence, a very low interaction between the constituents of the buffer solution and Ga 3+ cations is desirable. There have been contradictory reports on such interactions between Ga 3+ and HEPES in aqueous solution. An early report explicitly mentions that no significant interactions between Ga 3+ and HEPES were found in aqueous solution using 71 Ga and 1 H NMR (27) . However, a recent potentiometric study of the complexation of Ga 3+ with dipeptides and tripeptides in the presence of biologically relevant zwitterionic buffers reports a formation constant for a 1:1 Ga 3+ -HEPES species of log K 1 = 1.99 AE 0.01 mol dm
À3
at 25 C in the presence of 0.01 mm dm À3 KNO 3 (28) . In this paper we report new 71 Ga and 1 H NMR studies on the interaction of Ga 3+ and HEPES in solution, in order to elucidate the possible role of the HEPES buffer in the 68/67 Ga radio-labeling as a stabilizing agent. Direct radiochemical evidence on the formation of such a complex and its thin-layer chromatographic (TLC) separation from 68 Ga complexes with NOTA and citrate validates the significance of our findings under no-carrier-added conditions. To have further insight into the structures and the stability of Ga 3+ complexes with HEPES we finally made some theoretical calculations on this system. Fig. S1 , Supporting Information.) For the pD range studied (2.0-9.0) a separate 71 Ga NMR signal that could be directly assigned to a Ga 3+ -HEPES stable complex was not observed. At pD 2.0 only a signal corresponding to the hydrated cation [Ga(
RESULTS AND DISCUSSION
3+ is detected in all the formulations. However, its line-width increases substantially with the increase of the [HEPES]/ [Ga] ratio in solution, up to Δv 1/2 = 1052 AE 21 Hz at at a ratio of 5:1 ( Fig. 1 ), without loss of intensity. This observation was previously attributed to an increase of the viscosity of the solutions (27) , but could instead reflect the existence of a weak interaction between HEPES and the cation, for example, through the second-sphere of coordination, or the formation of weak and labile complexes (see theoretical calculations below), which can be responsible for lowering the symmetry of the cation environment, and leading to signal broadening owing to an increased quadrupolar relaxation. Up to pD 3.5 the hexa-aqua ion gives a peak whose intensity gradually falls as the pD value increases. At pD 3.0 (corresponding to pH 2.6), the 71 Ga NMR signal broadens dramatically, even in the absence of HEPES (Δv 1/2 = 5000 AE 100 Hz), which can be attributed to the presence of different forms of hydrolyzed Ga 3+ in solution at this pD, in accordance with the literature (14) . However, the 71 Ga NMR signal line-width increases with the HEPES concentration, up to a value of Δv 1/2 = 9500 AE 190 Hz at a 5:1 ratio. The much larger percentage increase in line-width of the Ga 3+ species in the presence of HEPES at pD 3.0 relative to pD 2.0 is clear evidence of a weak interaction between the hydrated Ga 3+ species and HEPES (Fig. 1) . The reported pK a values of HEPES (2.99 and 7.42) (31), indicate that a change of pD from 2.0 (pH 1.6) to 3.0 (pH 2.6) leads to a substantial decrease of the degree of ligand protonation, from H 2 L + , with both nitrogen atoms protonated, to the presence of almost 50% of the mono-protonated neutral form HL, with the nitrogen atoms less protonated (see later), which promotes the weak interaction with the positively charged Ga(III) species present in solution.
In the pD range 4.0-8.5 (pH 3.6-8.1), the broadening of the 71 Ga NMR signal of the Ga 3+ hydrolyzed species in the absence and presence of HEPES was too extensive to allow the detection of any signal and a white precipitate appears, corresponding to the presence of insoluble Ga(OH) 3 . At pD 9 and above, the solution becomes clear, as Ga(III) only exists in solution as the [Ga(OH) 4 
]
À species, as shown by its speciation diagram (14) . At pD 9, this symmetrical tetrahedral species originated a sharp 71 Ga NMR at 170 ppm with a line-width that increases from 136 AE 3 to 186 AE 4 Hz when the [HEPES]/ [Ga] ratio rises from 0:1 to 5:1. The very small line-width increase of this species probably results exclusively from the increase of solution viscosity owing to the presence of HEPES.
1 H NMR of the Ga 3+ -HEPES system
The microscopic sequence of protonation of the HEPES ligand was investigated by proton NMR pH titrations. The titration curves obtained (Fig. 2 ) from the spectra (Fig. 3, top) show the chemical shifts of the ligand methylene protons as a function of pD. The protonation of the ligand donor atoms generally results in a de-shielding of its nonlabile hydrogen atoms and changes in chemical shifts can indicate the microscopic sites of protonation at a given solution pH, and thus the ligand protonation sequence (32, 33) . Scheme 1 represents the HEPES proton numbering scheme and the protonation sites. The H3 and H4 CH 2 signals are considerably broad, while the others are sharp, owing to the time scale of the internal dynamics of the piperazine ring. The two inflection points of the titration curves define two pKa values for HEPES in accordance with the literature (31). The observed protonation shifts indicate that there is a slight favoring of N1 as the first protonation site. In fact, at the first protonation, the protonation shift of H3 is larger than of H4 CH 2 groups, while at the second protonation the shift of H4 and H5 shifts are larger than for H3 and H2. This is confirmed by our theoretical calculations (see below), which predict that the isomer with N1 protonation is more stable in agreement with X-ray data (34) . Figure 3 also shows proton NMR spectra of aqueous mixtures of HEPES and Ga 3+ in a 5:1 ratio and of the free ligand at pD 2.0, 3.0 and 7.0. At the two first pD values the solutions had no precipitation and were stable, while at pD 7.0 there was some precipitation. However, this solution was analyzed because at this pD (pH 6.6) only the first protonation of HEPES has occurred (species HL present). The interaction of the Ga 3+ with the ligand barely affects the HEPES signals at pD 2.0, but at pD 3.0 all resonances except H6 (CH 2 S protons) are shifted, in particular the H3 and H4 ring protons. Those shifts are almost nonexistent again at pD 7.0, owing to the precipitation of Ga(OH) 3 . Thus, these data support the existence of a Ga 3+ -HEPES weak coordination not involving the CH 2 S group. These findings are in accordance with modeling studies (see later), which predict the existence of weak stable Ga 3+ -HEPES complexes with free sulfonate groups.
Radiochemical studies
The effect of precursor concentration on the radiochemical yield for the formation of NOTA complexes of 68 Ga 3+ was examined in water or HEPES buffer at various concentrations. Standard labeling conditions using 400 ml of generator eluate preprocessed by cation exchange chromatography from 50 mCi (1.85 GBq) were used (35, 36) . The reaction temperature was varied from 45 to 75 C and the pH was 2.0 (pure water), 2.22 (0.01 M HEPES) and 3.8 (0.1 M HEPES buffer) at 25 C. Initial labeling experiments were conducted at a 13 nM concentration of NOTA in 0.1 mM HEPES. The NOTA concentration was then reduced in order to investigate the potential of minimizing the precursor concentration for successful 68 Ga labeling. As soon as the NOTA concentration was reduced to 3.3 nM, the overall yield of [ 68 Ga]Ga(NOTA) was diminished and formation of an additional 68 Ga species was observed. This effect was further pronounced in the lower temperature range around 45 C and a fortiori at a concentration of 0.66 nM (Fig. 4) . This product was not observed when the labeling was conducted in H 2 O only, that is, without any buffer, at pH 2. [Labeling yields >80% of 68 Ga(NOTA) were obtained within 3 min at 60
C.] In the analytical studies using TLC, a solution of citrate buffer at pH 4 was used as mobile phase and compared with a citrate free medium (5% sodium chloride-ethanol solution). Using citrate buffer, the yield for this additional radioactive product (identified at R f value of 0.17) was lower as well, but instead the characteristic [ 68 Ga]Ga(citrate) was formed. This led us to investigate the formation of this product as a function of the HEPES buffer concentration in the presence and absence of NOTA. First of all, an inverse correlation of the formation of this unknown by-product was found with decreasing NOTA concentration, effectively ruling out NOTA as a source of the by-product. When the HEPES buffer concentration was reduced to 10 mM, the yield of the by-product was lower. No by-product formation was observed using de-ionized water filtered through a 0.54 mm filter membrane (Millipore W ) only as reaction solvent. These findings suggest that a weak complex between HEPES and [ 68 Ga]Ga 3+ is formed whenever a large excess of HEPES over NOTA or sufficient amounts of HEPES in NOTA-free systems is present in the labeling solution.
To scrutinize the possible formation of a 68 Ga complex with HEPES, aliquots of the processed generator eluate were heated to 60 C in purified water at pH 2, 10 and 100mM HEPES buffer (pH 2.2 and 3.8, respectively), without the addition of NOTA. No 68 Ga complex was formed in water, whereas HEPES solutions showed a radioactive product at the same R f value of 0.17 on the radio-TLC (Figs 4 and 5) , indirectly proving the by-product originated from HEPES.
Using citrate buffer for TLC, free or weakly complexed 68 Ga 3+ forms a mixture of 68 Ga(citrate) n species, which result in a characteristic radioactivity distribution from R f = 0.3 to R f = 0.8. In contrast, one single product is observed using NaCl/EtOH solution as mobile phase. In this case, noncomplexed 68 Ga species remain at the start, whereas the weakly complexed 68 Ga-HEPES species runs to R f = 0.1. Comparable yields were found for both analytical methods (Fig. 6) . A control experiment was conducted in HEPES buffer in absence of NOTA, and in this case the putative 68 Ga-HEPES complex was formed in high yield (Fig. 6) .
To verify the identity of the unidentified product, the formation of crystalline complex was investigated. Although various conditions were examined, only amorphous products were obtained. However, analysis of a concentrated stoichiometric mixture of GaCl 3 and HEPES in water by mass spectrometry revealed the presence of a species corresponding to the molar mass of 69,71 Ga(HEPES). In addition to this product, the Ga (HEPES) 2 complex and several degradation products were found. The obtained product mixture showed a retention factor in the same range as the putative complex formed during the labeling studies on TLC.
In summary, a semi stable 68 Ga(HEPES) complex was observed in 68 Ga-radiolabeling experiments at low NOTA concentration and moderate temperatures. Theoretical computation and NMR experiments provide insights into the structure, composition and stability of the proposed complex. As the thermodynamic stability constant for Ga(NOTA) complex formation is very high (1, 37) , and the complex formation is relatively slow, the presence of this complex is probably due to kinetic and stoichiometric reasons. This hypothesis is supported by two key observations: (1) the competitive formation of the HEPES complex can be avoided at higher temperatures as well as (2) by increasing the concentration of NOTA or by reducing the HEPES concentration. These findings suggest that using HEPES buffer may limit the achievable labeling yield when small amounts of the intended ligands such as NOTA or NOTA-conjugated molecular targeting vectors such as, for example, NOTA-octreotides are used.
Thereby, HEPES may also exhibit a negative effect on the specific activity of the 68 Ga formulation.
Theoretical studies
The relevant forms of HEPES (denoted L À and HL, the latter in zwitterionic and neutral forms, with L À the nonprotonated form), the hexaaquo complex [Ga(H 2 O) 6 ] 3+ and [GaL(H 2 O) n ] 2+ (n = 3, 4) complexes, in their various possible protonation forms, have been studied with solvation (C-PCM) corrections for water solvent. One must note that, for the present systems, solvation corrections are indeed fundamental to obtain meaningful results. In fact, the zwitterionic forms of HL only become more stable than the neutral form when a solvation model is employed. Moreover, the stable theoretical structures obtained in vacuum show apparently unphysical interactions between the sulfonate group and the complexing water molecules or even with the gallium ion. The need of solvation corrections for modeling metal ion complexes in solution is well known and justified (38) .
The electronic energy (in the solvent) of the chemical species studied was minimized starting with structures taken from experimental results for similar complexes (2) and X-ray data (34) . The Hessians were computed to confirm that the obtained structures were energy minima, to obtain their thermodynamic properties and to estimate thermal energies. For the most relevant chemical species obtained at the C-As an anionic species (L À ) and bare amine nitrogens are involved, the use of diffuse basis sets is fundamental to obtain reasonable energies, but the geometries obtained at the lower level 6-31 G(d,p)/B3LYP for some of the complexes (not presented in this work) are not significantly different. As far as we know, from the set of chemical species studied in this work, only the hexaaquogallium (III) ion [Ga(H 2 O) 6 ] 3+ has been studied by theoretical methods (39, 40) . Our results for geometries and symmetry of the complex are in agreement with the results that have been obtained without solvation corrections, but employing a second sphere of coordination. complex obtained from our DFT calculations (hydrogens are not shown for simplicity). As can be seen, the chemical environment around Ga 3+ (with coordination number six) is highly asymmetric. In Table 1 , some structural parameters are presented. The Ga-O w distances for the complex are somehow longer, but of the same order of magnitude as those of the [Ga(H 2 O) 6 ] 3+ complex. The protonated form [GaHL(H 2 O) 4 ] 3+ has been also studied. Although being a true minimum in the potential energy surface, its energy is too high to be a relevant species, which is in agreement with results for Cu 2+ (2 , shows the highest stability. The other isomeric zwitterionic structures with the same total charge have not been studied, but similar stabilities are expected.
The relative stability of the complexes in aqueous solution against hydroxide attack is a point of interest. Although such estimates are not yet very accurate, mainly owing to errors resulting from the solvation models, we estimated equilibrium constants for the relative stability of the Ga 3+ -HEPES complexes. The standard thermodynamic cycle involving the gas phase was used but, as zwitterionic species are involved, we have taken the additional approximation of employing the geometries obtained in solvent calculations to estimate gas phase energies and Gibbs contributions from internal degrees of freedom. The usual conversion from 1 atm gas phase reference to 1 M reference in solution, RT ln(RT/p), as well as corrections owing to the presence of 
are 2 Â 10 8 and 81 for n = 3 and 4, respectively. The first of these values is probably too high, while the second is probably too low, although the latter is in agreement within one order of magnitude with the experimental reported value of logK = 1.99 AE 0.01 (28) (2) . This is in agreement with the kinetics controlled mechanism proposed for the formation of these complexes (2): favored by the OH group and disfavored owing to the presence of the bulky sulfonate group.
From Table 2 we can also estimate the relative stability of the zwitterionic and neutral forms of HEPES. The zwitterionic form with H@N1 is favored by ΔG = 9.5 kJ mol À1 giving an equilibrium constant of 46 -HEPES interference at the pH conditions usually employed for radiolabeling.
CONCLUSIONS
It has been reported by various methods that the HEPES buffer interacts weakly with some cations in solution, such as Pb 2+ (42) (39, 40) . The interaction with Cu 2+ has been well characterized, and was proposed to involve a weak interaction of Cu 2+ with the hydroxyl oxygen of HEPES, followed by transient chelate formation involving also binding of the adjacent ring nitrogen (N1, see Scheme 1). The present work describes spectroscopic ( 1 H and 71 Ga NMR), mass spectrometry and radiochemical data, also supported by theoretical modeling studies on the Ga 3+ -HEPES system. We conclude that HEPES buffer used in the 68/67 Ga radiolabeling process is an undeniable, but weakly competitive chelator of Ga 3+ that interferes with the radiolabeling process. Our findings are in accordance with potentiometric studies, which proposed formation of a very weak 1:1 complex in solution (28) . The formed complex was identified as a [ 68 Ga]Ga(HEPES) species via chromatographic comparison with the nonradioactive analog. Formation of a weak Ga(HEPES) complex is competing with Ga (NOTA) complex formation, presumably owing to the large excess of HEPES, which compensates for the larger kinetic stability of the NOTA complex. This effect may occur too in the case of other macrocyclic or nonmacrocyclic ligands. The 1 H NMR shifts induced by Ga 3+ and the theoretical studies rationalize the data, pointing to preferential chelation of Ga 3+ by the hydroxyl and adjacent ring nitrogen of HEPES. 
MATERIALS AND METHODS

Materials
The triaza macrocyclic ligand NOTA was synthetized according to a published procedure (44) . All other chemicals used in this work were obtained from commercial suppliers as specified. HEPES buffer sodium salt was obtained in its highest purity (>99.5%) and used without further purification. 6 3+ species present in a 0.1 M Ga(NO 3 ) 3 solution in D 2 O, used as external reference. Assignments of the proton NMR spectra were based on literature data for similar systems and in the results of two-dimensional homonuclear correlation spectra (COSY). NMR spectra were obtained at 25 C in the pD range of 2.0-7.0.
Mass spectrometry
Ga-NOTA was dissolved in water (0.1 mg ml À1 ) for mass spectrometry (Fluka) and analyzed by electron spray ionization mass spectrometry on a Micromass Q-TOF Ultima 3 spectrometer at a resolution of 0.01 m/z.
Radiolabeling procedure
A TiO 2 -based 68 Ge/ 68 Ga radionuclide generator commercially available from Cyclotron Co., Obninsk, Russia, was used. A stock solution of NOTA was prepared with 1 mg of the pure product in 1 ml of Millipore water (1 mg ml À1 ). This solution was used to prepare the labeling vessels for all the experiments. The experiments were carried out by adding the 400 ml elution from the generator to 5 ml of HEPES buffer (pH = 3.7, Merck KGaA, Germany, or Sigma-Aldrich Chemie GmbH, Germany), 0.5 ml of HEPES buffer in 4.5 ml of water or pure water and preheating the sample for 10 min. Subsequently, a defined volume of NOTA stock solution was added. The volumes used were 1, 5 and 20 ml (1, 5 and 20 mg, respectively) at a temperature of 60 and 75 C. Samples (1 ml) were taken after 1, 2, 5 and 10 min, placed on a silica gel-coated TLC plate (5 Â 10 cm, Merck KGaA, Darmstadt, Germany) and run in two different solvents: 5% aqueous NaCl/ EtOH (7:3) and citrate buffer (pH = 4, Merck KGaA, Darmstadt Germany). Detection was performed using a Canberra InstantImager for radioactivity, UV lamp, iodine on silica gel and potassium permanganate solution. 
Modeling studies
Electronic structure calculations have been performed using GAMESS suite (version R3, 12 January 2009) (46, 47) at the density functional theory (DFT) level with the 6-31++G(d,p) basis set (48-51) using the B3LYP functional (as implemented in GAMESS code). The conductor-like polarizable continuum model (C-PCM) (52-55) with iterative solver, as implemented in GAMESS (56) was also used for water solvent. Internal default parameters were used for water (e = 78.39, R Sol = 1.385 Å). The calculations were for T = 298.15 K and only electrostatic contributions were considered for the solvent model. The atomic radii used in the C-PCM calculation for defining the cavities were the standard van der Waals values implemented in the code (for gallium the value of 1.87 Å was considered).
Supporting Information
71
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